Membrane and Contractile Properties of Rat Vascular Tissue in Copper-Deficient Conditions
SUMMARY To determine the effects of copper deficiency on the vascular wall, female rats of the Wistar King A strain were fed a copper-deficient diet (0.58 ppm), and all delivered pups were kept on the same diet. The copper level of sera of all copper-deficient animals was significantly lower (10.6 fig/ dl) than that of the controls (141.4 jug/dl). The body weight of copper-deficient rats was about 40% of the controls at 12 weeks of age. Copper deficiency produced a reduction in norepinephrine (NE) content in aortic tissue (40%), but not in portal veins. There was an increase in sensitivity of aortic tissue to NE. Depolarization of the muscle membrane of pulmonary arteries in response to NE decreased at high NE concentrations. The tensile strength of the aortas decreased, and there was an increase in the active contraction and a shift of the maximum amplitude to the right in the aortic length-tension curve. A reduction in aortic elastin and collagen contents was observed on electron micrographs. There also was a prolongation of relaxation times after contraction produced by NE, in a manner similar to that observed after 6-hydroxydopamine (6-OHDA) treatment. Also, in aortas, copper deficiency produced a resistance to NE depletion by chemical sympathectomy (6-OHDA), whereas in portal veins, there was no reduction in NE content after treatment with 6-OHDA (50 mg/kg, ip). These results suggest that rupture of copper-deficient aortas is due mainly to a decrease in elasticity of the aortic wall, probably as a result of reduction in elastin and collagen. The changes observed in the membrane and contractile properties of elastic arterial smooth muscle cells under conditions of copper deficiency probably are compensatory mechanisms which serve to protect the vascular wall. Circ Res 46: [681] [682] [683] [684] [685] [686] [687] [688] [689] 1980 NEUROLOGICAL (Everson et al., 1967; O'Dell et al., 1976) , hematological (Lahey et al., 1952; Coulson and Carries, 1967) , metabolic (Allen and Klevay, 1978) , skeletal (Suttle and Angus, 1978) , and cardiovascular abnormalities (Shields et al., 1962; Coulson and Carnes, 1963; O'Dell et al., 1961; Hunt and Carlton, 1965; Waisman et al., 1969a) accompany low copper status in experimental animals. There also are wide variations in reproductive ability, which range from normal (Everson et al., 1967) to a complete lack of reproduction (Hall and Howell, 1973) . Biochemical observations show that norepinephrine (NE) content of the brain and heart are reduced following a reduction of dopamine-/?-hydroxylase activity in vivo in copper-deficient mottled mouse mutants (Hunt and Johnson, 1972; Hunt, 1974) . In copper-deficient rats, Sourkes (1972) demonstrated that a conversion of dopamine to cardiac NE was reduced, and Morgan and O'Dell (1977) also demonstrated that brain tyrosine hydroxylase activity was suppressed. Wells (1974, 1975) showed a reduction of NE content in the brains of experimental copper-deficient rats and attributed this to reduction of either dopamine-yS-hydroxylase or tyrosine hydroxylase levels in the brains. The authors did not directly measure dopamine-/8-hydroxylase levels, and there is no direct evidence that tyrosine hydroxylase, the rate-limiting enzyme in biosynthesis of the catecholamines (Levitt et al., 1965) , is copper dependent.
In vascular tissues, synthesis of elastin and collagen was suppressed (Waisman and Carnes, 1967; Coulson and Carnes, 1962; Starcher et al., 1964; Hill et al., 1967) as a result of an inhibition of lysyl oxidase activity (Chou et al., 1968; Harris et al., 1974 Harris et al., , 1977 leading to the rupture of the heart and large arteries in copper-deficient animals. Lysyl oxidase, an amine oxidase, is copper dependent and is thought to be a key enzyme in elastin and collagen cross-linking. Subsequently, rupture of the heart and the large arteries occurred in copper-deficient animals. Whether or not other factors contribute to rupture of the large arteries has not been determined.
The objective of the present work was to investigate the morphological and physiological features of vascular tissues during copper deficiency and to elucidate the relationship to NE content of these tissues. Differences in tissue responses to various interventions in cases of copper deficiency and to the sympatholytic agent (6-OHDA) also were investigated.
Methods

Copper-Deficient Diet
A semisynthetic copper-deficient diet was produced by modification of several dietary ingredi- Table  1 . Atomic absorption spectrophotometry was used to determine the exact amount of copper contained in the diet. Dietary copper was measured by atomic absorption spectroscopy and serum copper by the bathocuproine sulfonic acid method (Landers and Zak, 1958) .
Animals and Management
Female rats (Wistar King A strain), approximately 4 weeks of age, were purchased and housed in stainless steel wire cages. These animals were immediately given the copper-deficient diet and were allowed distilled drinking water ad libitum. These rats were maintained on the copper-deficient diet during growth and throughout pregnancy. Male rats were routinely maintained on the usual chow diet until 7-8 days before they were put into the experimental cages for mating, at which time the copper-deficient diet was provided. Females were mated at about 4 months of age. The pups born of these matings were suckled and also fed the copperdeficient diet; they were killed after 4 weeks of age.
Electron Microscopy
For the electron microscopic study, thoracic aortas from three control and three copper-deficient rats were used (40 days of age). The aortic tissue was fixed for 2 hours in 3% glutaraldehyde containing 2 mM CaCl 2 buffered with 0.1 M cacodylate (pH 7.3). During the fixation, the tissue was cut into small cubes which were then washed in 0.1 M cacodylate buffer containing 7% sucrose for 30 minutes. For postfixation, the cubes were immersed in 1% osmium tetroxide containing 2 mM CaCk in the same buffer for 2 hours. After the above procedures, the cubes were dehydrated in graded concentrations of ethanol and embedded in Epon (Luft, 1961) .
Sections were stained with uranyl acetate and lead citrate.
6-OHDA Treatment
Wistar King A strain rats, varying in weight between 160 and 240 g, served as the controls. Both control and copper-deficient animals were given a single injection of 6-OHDA (50 mg/kg, ip) and were killed by a blow to the head at various intervals (1 day-4 weeks). The control tissues for these studies were obtained from rats given only saline injections.
Recordings of Mechanical Activity
Thoracic aortas and portal veins were used for investigation of the mechanical properties. The thoracic aortas were cut helically into segments 1.5 mm wide and 10 mm long. Although the aortas from copper-deficient rats were smaller (about two-thirds the diameter of the control aorta) the wall thickness was comparable to that of the control aorta. The portal veins were slit open and cut into 10-mm segments (both ends of the tissue were tied with threads, and the actual length of the tissue was kept at 9 mm). The tissues from both control and copperdeficient rats were mounted in parallel in a 1-ml organ bath through which the test solution, at a temperature of 35 °C, flowed continuously (0.2 ml/ sec).
The preparation was placed vertically with the ends tied by cotton threads. One end of the strip was tied to a mechanotransducer (Nihon Kohden, model SB-IT) and the other end to a hook at the bottom of the bath. A modified Krebs' solution with the following ionic composition was used (mM): Na + , 137.4; K + 5.9; Mg 2 *, 1.2; Ca 2+ , 2.5; Cl", 134.0; HCO 3 ", 15.5; H 2 POr, 1.2; and glucose, 11.5; equilibrated with 97% O 2 -3% CO 2 .
To observe the effects of [K + ] o on the membrane and mechanical properties, NaCl was replaced isotonically by KC1. To increase [K + ] o to more than 118 mM, NaHCO 3 also was replaced by KHCO 3 . The pH of the solution was kept at 7.2 (Biilbring and Kuriyama, 1963) .
To obtain length-tension curves, the strips excised from thoracic aortas were placed horizontally in a 1.5-ml organ bath with a scale at the bottom. One end of the strip was tied to a mechanotransducer, and the other end was fixed at the bottom so that the resting tension was kept at zero at the length of 9 mm.
The stimulating electrodes, 5 mm wide and 20 mm long, coated with Ag-AgCl, were placed parallel to the muscle strips. Rectangular pulses, 5 msec in duration and at a frequency of 30 Hz, were used for periods of 15 seconds to stimulate the vascular smooth muscle in the aortic wall.
To obtain the length-tension relationship, aortic strips (both 9 mm in length) were stretched from 9 mm to 17 mm. The contractile responses to electrical stimulation were measured at each length. When the strips were stretched, the resting tension declined gradually and required about 40-50 minutes to reach the steady level.
Intracellular Recordings
To record the transmembrane potentials of smooth muscle cells of portal veins and pulmonary arteries, the preparations were cut into segments 1.5 mm wide and 8 mm long. The tissue was mounted in an organ bath through which solution driven by a thermostatically controlled pump flowed continuously at 35°C. For intracellular recordings, glass capillary electrodes filled with 3 M KC1 were used. Membrane potentials were measured by inserting the microelectrodes into cells on the outer surface of the vessel (Kuriyama and Suzuki, 1978) .
NE Content
Rats were killed by a blow on the head. The aortas and portal veins were removed quickly, washed in ice-cold saline, and cleaned thoroughly. The tissues were wrapped in aluminum foil and frozen until analysis. NE was determined fluorometrically by the method of Shellenberger and Gordon (1971) .
Drugs
The following drugs were used: 2-norepinephrine (1-NE, Sankyo), and 6-hydroxydopamine HBr (Sigma). 6-OHDA was dissolved in 0.9% saline solution with 0.1% ascorbic acid prior to injection.
Statistical Analysis
Statistical analysis of the data was completed using the Student's £-test.
Results
General Aspects of Experimental Copper-Deficient Rats
Reproduction of female rats fed a copper-deficient diet was much the same as that of rats on the control diet. Litter size and birth weights of copperdeficient and control offspring also were much the same. However, there was a marked depression of growth rate in the copper-deficient pups. The body weight of copper-deficient rats was about 40% of the control at 12 weeks of age. The hair coat was thin, and subcutaneous hemorrhages were noted on the backs of the animals. Some of the offspring were ataxic, and a number died after about 6 weeks. Autopsy revealed that cardiac hypertrophy had occurred in almost all rats, and intrathoracic hemorrhage with aortic aneurysms was observed in one.
A marked reduction in serum copper content of the rats fed the copper-deficient diet was noted. Copper levels in the copper-deficient diet and the control diets were 0.58 ± 0.01 /xg/g and 6.94 ± 0.05 jug/g (±SE, n = 5), and those in the sera were 10.6 ± 3.0 jug/dl and 141.4 ± 13.7 jug/dl, respectively. The copper content in the copper-deficient sera was reduced to 7.5% of the control (P < 0.001); this ratio was almost the same as that observed in comparing the copper-deficient diet to the control (8.4%).
Mechanical Properties
The length of the smooth muscle strips was measured using a binocular microscope, and the resting tension was measured by stretching the muscle. Active contractile responses of the aortic strips were obtained by field stimulation for 15 seconds. The length-tension curves were obtained from control and copper-deficient rat aortas (n = 5, both 44-47 days after birth). Figure 1 shows a diphasic relationship between length and tension of resting muscles; the first phase of the low slope appeared at muscle lengths of 9-14 mm; the active tension also was developed at 9-14 mm length. A second phase of steeper slope was observed following extreme stretch (more than 14 mm in length). In aortic preparations from copper-deficient animals, the first phase was much the same as in the controls, and the second phase was suppressed markedly. The active tension shbwed a maximum amplitude at about 130% stretch of the tissue in the control, and no active tension could be evoked with about a 180% stretch (100% = 9 mm in length). In the aortic strips from copper-deficient animals, the amplitude of active tension developed at about 130% stretch (as observed in the control), but when the tissue was stretched further, the amplitude of active tension increased further to about 170% stretch. The amplitude of active tension at 180% was reduced. However, active tension was still developed at about 190% of the control length. The rapidly developed active tension at a muscle length of more than 170% coincided with the reduction of development of resting tension.
Morphological Observations
Sixty-two embedded samples from both control and copper-deficient rats were examined. In the copper-deficient aorta, the subendothelial region had widened and was occupied by an amorphous reticular material. Beneath the endothelial cells, there were irregular clumps of elastin which had replaced the internal elastic laminae normally observed (Fig. 2, a and b) . Microfibrils had accumulated on the surface of narrowed elastic membranes in the wall of the copper-deficient rat aortas. Collagen fibers were reduced in number when compared with the controls. However, these fibers remained among the smooth muscle cells and among the fragmented elastic fibers which were surrounded partly by microfibrils. Muscle cells in the tunica media were normal in shape and number, as were their myofilaments and endoplasmic reticulum (Fig. 2, c and d) .
Membrane Properties of Pulmonary Artery and Portal Vein in Copper-Deficient Rats
Effects of various concentrations of potassium and NE on the membrane potential of the rat pulmonary artery were then observed. The control resting membrane potential was -51.6 ± 2.0 mV (±SD, n = 25) and that of the copper-deficient arteries was -51.3 ± 3.2 mV (n = 24). No statistical difference was observed between the two groups. When [K + ] o was increased from 5.9 to 118 mM, the membrane was markedly depolarized. The maxi-mum slope of depolarization over a 10-fold increase in potassium concentration, which was calculated using the method of least squares, was 42 mV in the control and 41 mV in the copper-deficient.
When [K + ] o was reduced from 5.9 mM to 1.18 mM, the membrane was hyperpolarized. Further reduction of [K + ] o depolarized the membrane, and in K + -free solution, the membrane potential was -52.4 ± 3.4 mV (n = 15) in the control and -52.4 ±2.1 mV (n = 12) in the copper-deficient tissues.
The effects of NE on the membrane potential in both control and copper-deficient tissues were examined. In both tissues, the membrane was depolarized by application of NE at concentrations >10" 8 g/ml. At NE concentration of 10~7 g/ml, there was significant depolarization of both tissues (P < 0.01). At the concentrations of 10~9 to 5 X 10~7 g/ml, differences in the effects of NE on the two tissues were not apparent. However, the membrane depolarization induced by NE, 10~6 g/ml, was significantly less in the copper-deficient tissues than in the control (P < 0.001). These results show that the responses of smooth muscle cell membrane to NE and [K + ] o were much the same in both copperdeficient and control tissues, except at NE 10~6 g/ ml.
Effects of NE on the transmembrane potentials of the smooth muscle cells of portal veins were comparable. As shown in Figure 3 , a and b, the membrane potentials of copper-deficient and control portal veins showed an increase in spike frequency at NE 10~8 g/ml, and the membranes were depolarized on exposure to higher concentrations of NE (10" 7 g/ml). At NE = 10~6 g/ml, depolarization and block of spike generation appeared in both tissues.
Effects of 6-OHDA on NE Content in Aortas and Portal Veins of Both the Control and Copper-Deficient Rats
Copper deficiency produced a reduction of NE content in rat aortas to 40% of control values (P < 0.001), but not in the rat portal veins (P > 0.30) (Fig. 4) . The influence of pretreatment with 6-OHDA (50 mg/kg, ip) on the endogenous NE concentration of the aortas and the portal veins of both control and copper-deficient rats then was examined, and NE content in control and copper-deficient rat aortas is shown in Figure 4 .
In the rat aortas, treatment with 6-OHDA produced a considerable reduction of NE content to 3% of the control values after 1 day. During the next 27 days, there was only a gradual recovery, with values reaching 60% of control at the end of this period (P < 0.001). However, in the copperdeficient rat aortas, the reduction of NE by 6-OHDA was less (NE content was 50% of control after 1 day) than that observed in normal rat aortas. NE content of copper-deficient rat aortas was significantly reduced 1 day and 7 days after treatment with 6-OHDA (P > 0.05). FIGURE 2 a and 6: Electron micrographs of subendothelial region of the control (a) and copper-deficient rat aortas (b) . Beneath endothelial cells, only irregular clumps of elastin were observed, instead of internal elastic laminae as normally present. Subendothelial space was wide and occupied by an amorphous material. 15,000 x. EC: endothelial cell; IEL: internal elastic laminae; C: collagen; E: elastin; SMC: smooth muscle cell; A: amorphous reticular material; M: microfibrils; SS: subendothelial space, c and d: Electron micrographs of inner aortic media from control (c) and copper-deficient rat aortas (d) . Collagen fibers, which were reduced in number compared with the controls, were noted among smooth muscle cells and fragmented elastic fibers, which were surrounded partly by microfibrils. Muscle cells in the tunica media were normal in shape and number, including myofilaments. 12,000 X.
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FIGURE 3 a: Effects of various concentrations of NE on the membrane potentials of muscle cells of control portal vein, b: Effects of various concentrations of NE on the membrane potentials of muscle cells from the copper-deficient portal vein.
Furthermore, the recovery of NE content in copper-deficient rat aortas after treatment with 6-OHDA, to the level before the treatment, was more rapid than in controls. On the other hand, in the rat portal veins, the NE content was 5 times greater than that of the aortas. The reduction of NE by 6-OHDA was not as great (NE content was 60% of the control after 1 day) as that observed in control rat aortas, and the NE content was restored after 28 days. The reduction in NE content was statistically significant after 1 day, 7 days, and 14 days (P > 0.01). In the copper-deficient rat portal veins, however, treatment with 6-OHDA did not reduce the NE content (P > 0.05).
Mechanical Responses to [K + ] o and NE before
and after 6-OHDA treatment. Figure 5 shows the mechanical responses to various values of [K + ] o , of the aortas of rats subjected to various interventions, i.e., control rats, rats 1 day after injection of 6-OHDA, copper-deficient rats, and copper-deficient rats 1 day after injection of 6-OHDA. The 100% value represents the maximum Days FIGURE 4 Changes in NE content of aortas and portal veins after a single ip administration of 6-OHDA (50 mg/kg). Each unfilled circle represents the mean of 10-14 (average of 12) control rats treated with 6-OHDA. Each filled circle represents the mean of three determinations from three pooled aortas and portal veins obtained from the copper-deficient rats treated with 6-OHDA. Vertical lines indicate standard errors.
for the K + contracture. These four strips showed almost the same dose-response curves for various values of [K + ] o , whereas the mechanical responses of the above four different tissues to various concentrations of NE differed. As shown in Figure 6 (left), there were significant differences (P < 0.01) at NE concentrations of 5 X 10~8 to 5 X 10~7 g/ml (the 100% value represents the tension produced by NE, 10~6 g/ml). The dose-response relation obtained from aortic strips of copper-deficient rats shifted to the left. However, in the right panel, the difference between two curves was not significant (P > 0.05). The maximum response was observed at a lower NE concentration (10~7 g/ml) in copperdeficient tissue than in the controls (10~6 g/ml). The amplitudes of contractions obtained at a low concentration of NE were much the same in both° tissues. The dose-response curves obtained for aortic tissue from both control and copper-deficient rats that had been pretreated with 6-OHDA also shifted to the left compared with events seen in the absence of 6-OHDA treatment (P < 0.01 in the range of NE, 5 X 10~9 and 10" 7 g/ml). There was no change in the mechanical threshold. Figure 7 shows the responses to NE of portal veins from controls and from treated animals. No significant difference between 6-OHDA-treated portal veins and copperdeficient portal veins treated with 6-OHDA was observed in the response to NE. There were significant differences (P < 0.05) in the range of NE, 10" 7 and 10~6 g/ml, between control and copper-deficient portal veins. Unlike the aorta, the copper-deficient portal vein is less sensitive to NE than the control. As observed for aortic tissue, the dose-response curves obtained for portal veins from both control° 4C • Copper-delicient • 6-OHDA 10-8 10' 7 10" 6 10" 5 5M0* 9 10~8 10' 7 10' 6 10" 5 Norepinephrine ( g / m l ) and copper-deficient rats that had been pretreated with 6-OHDA shifted to the left compared with results obtained in the absence of 6-OHDA treatment (P < 0.01 in the range of NE, 5 X 10~9 and 5 X 10~7 g/ml). Responses of the portal veins to a low concentration of NE (5 x 10~8 g/ml) increased at 1 day after the 6-OHDA treatment. This concentration, which usually produced a response that was about 20% of that observed in nontreated preparations, generated significantly higher contractions of the portal veins (60-70% level) after 6-OHDA treatment.
Discussion
This study shows that growth and reproduction of female rats fed a copper-deficient diet are almost the same as those of rats on the control diet. These results confirm the findings in experiments on guinea pigs by Everson et al. (1967) and contradict those of Hall and Howell (1973) , who stated that pups were not born to mothers given a copperdeficient diet before mating, and that pups from mothers given copper-deficient diets during pregnancy were either born dead or had congenital abnormalities. Copper-deficiency in the rat, however, was firmly established according to the estimation of serum copper. These conflicting observations may be explained by differences between the rats studied or the physiological environment (Champarnaud and Chevallier, 1977) , including rigorous breeding conditions, animal selection, and modernization of animal houses.
Histologically, elastin and collagen were decreased in the copper-deficient rat aortas. At the same time, there was an accumulation of microfibrils on the surface of elastic membranes and in the intercellular substance, and this is consistent with other experimental observations (Simpson and Harms, 1964; Waisman et al., 1969b; Oakes et al., 1976) of copper deficiency in blood vessels.
In length-tension curves of the copper-deficient rat aortas, the second phase of resting tension was less steep than that of the controls. This reduction in tensile strength could be attributed to a decrease of elastin and collagen as observed in the histological study. The shift of the active tension curve and the increased amplitude of the active tension indicate that the smooth muscle cells of the copperdeficient rat aortas compensate for the decrease in the tensile strength caused by reduction in elastic components in the aortic wall.
Copper deficiency in offspring of female rats fed a diet low in copper produced a large reduction of NE content in the aortas (P < 0.001), whereas a reduction in the NE content of the portal veins was not apparent (P > 0.30). Figure 4 shows that copper deficiency produces a resistance to NE reduction in the aorta due to chemical sympathectomy with 6-OHDA, and that in the portal vein no reduction in NE content occurs after treatment with 6-OHDA. VOL.46, No. 5, MAY 1980 Dose-response curves to NE of spirally cut thoracic aortic strips prepared from the control and copperdeficient rats show that the copper-deficient rat aortas produce maximum contractions at a NE concentration 10-fold lower than in control rats without any noticeable change in the mechanical threshold.
The change in resting membrane potential of copper-deficient pulmonary arteries in response to NE showed a progressive reduction and finally reached a steady state depolarization at the concentraiong of NE 1CT 7 g/ml, although the controls continued to depolarize up to NE, 10~6 g/ml. On the other hand, the amplitudes of K + -depolarization produced by various [K + ] o revealed no difference between the control and copper-deficient rat pulmonary arteries. Since mechanical responses to various values of [K + ] o were the same in the control and copper-deficient rat aortas, a variation either in the receptor itself or somewhere along the chain of events that connects the receptors to the contractile elements may have occurred as was shown in 6-OHDA-treated rat aortas by Maling et al. (1971) . An increase in sensitivity to NE, accompanied by a lowered mechanical threshold, was noted in the portal veins treated with 6-OHDA. These results suggest an inverse relationship between aortic and portal venous content and sensitivity to NE. However, it should be pointed out that even though 6-OHDA produced supersensitivity to NE in copper-deficient portal veins, it did not reduce their NE content. Thus, the mechanism of supersensitivity to NE in the copper-deficient portal vein appears to be unrelated to its NE content.
A prolongation of the relaxation times of the aortas in either copper deficiency or after 6-OHDA treatment was observed after treatment with NE, as reported by Aprigliano and Hermsmeyer (1977) in rat denervated portal veins. These results suggest the possibility of a decreased neuronal uptake of NE even in NE-deficient vessels as the result of copper deficiency.
In conclusion, the present experiments show that reduction of NE in the sympathetic nervous system and supersensitivity to NE appear to be significant features in copper-deficient rat aortas, and that these changes may play a compensatory role in the vascular fragility that occurs after a decrease in elastin and collagen content.
